ADDITIONAL INDEX WORDS. DLI, light quality, light quantity, PAR, red to far red ratio, R:FR SUMMARY. Hanging basket (HB) production alters the light environment in the lower canopy of ornamental greenhouses by intercepting and altering the spectral quality of incoming light. If shading is sufficiently high, the quality of the lower crops can be reduced. This work investigated changes in light quantity and quality at the lower crop level caused by HB production in Ontario, Canada. Light sampling occurred at three commercial greenhouse facilities throughout the Spring 2012 HB season. The greenhouses represented a range of HB densities (1.8, 2.4, and 3.0 baskets/m 2 ) and different HB canopy architectures (one, two, and three tiers of HBs). Light samples were taken at three fixed locations within each greenhouse facility: outside, HB level, and lower crop level. Photosynthetically active radiation (PAR) was logged continuously at each location within each greenhouse environment. Spectral scans were made at each sampling location, within each greenhouse facility, at various times throughout the season to assess how HB production altered the red to far red ratio (R:FR) at lower crop level. As the season progressed, outdoor daily light integrals (DLIs) more than doubled from <20 to >40 molÁm L2 Ád L1 . Light reduction caused by polyethylene films and structural components varied among locations, but remained steady throughout the season, averaging 48.3% for the three locations. As the HB crops matured, the rate of decrease in PAR at lower crop level varied according to facility and HB density with mean reductions of 42.5%, 32.6%, and 37.7% for the one-, two-, and threetiered facilities, respectively. Mean lower crop level DLIs were all very similar, between 9.4 and 9.9 molÁm L2 Ád L1 . Accordingly, there may be insufficient light below HB canopies to produce high-quality crops of many varieties of bedding plants that are commonly grown in Ontario. The one-and two-tiered systems reduced the R:FR at lower crop level by 14% and 10%, respectively, whereas the three-tiered system caused no reduction. More work is required to determine if the observed far red shift is sufficient to alter crop quality. These case studies provide a backdrop against which to help determine and interpret horticultural management strategies for a variety of greenhouse crops.
) and different HB canopy architectures (one, two, and three tiers of HBs). Light samples were taken at three fixed locations within each greenhouse facility: outside, HB level, and lower crop level. Photosynthetically active radiation (PAR) was logged continuously at each location within each greenhouse environment. Spectral scans were made at each sampling location, within each greenhouse facility, at various times throughout the season to assess how HB production altered the red to far red ratio (R:FR) at lower crop level. As the season progressed, outdoor daily light integrals (DLIs) more than doubled from <20 to >40 molÁm L2 Ád L1 . Light reduction caused by polyethylene films and structural components varied among locations, but remained steady throughout the season, averaging 48.3% for the three locations. As the HB crops matured, the rate of decrease in PAR at lower crop level varied according to facility and HB density with mean reductions of 42.5%, 32.6%, and 37.7% for the one-, two-, and threetiered facilities, respectively. Mean lower crop level DLIs were all very similar, between 9.4 and 9.9 molÁm L2 Ád L1 . Accordingly, there may be insufficient light below HB canopies to produce high-quality crops of many varieties of bedding plants that are commonly grown in Ontario. The one-and two-tiered systems reduced the R:FR at lower crop level by 14% and 10%, respectively, whereas the three-tiered system caused no reduction. More work is required to determine if the observed far red shift is sufficient to alter crop quality. These case studies provide a backdrop against which to help determine and interpret horticultural management strategies for a variety of greenhouse crops.
A s in many other regions, Ontario's ornamental greenhouses often produce spring crops in more than one layer by placing one or more rows of HBs above the main crop growing on the greenhouse floor or bench (lower level). Although HB production maximizes the use of production area, shading at the lower level by the HB crop may be a significant challenge to the production of high-quality plants. Shading by HBs logically reduces the quantity of light reaching the lower crop and may also alter its spectral quality through the preferential absorption/ transmission of specific wavelengths by the upper canopy. The combined effects may have both photosynthetic and photomorphological implications for the lower crops.
The designs of HB systems vary considerably, with positioning and density of HBs depending partially on greenhouse design (i.e., gutter heights, load-bearing capacity of the structure, and orientation) and largely on grower preferences. One-, two-, and three-tiered HB architectures are all commonly used with no clear distinctions as to the merits and drawbacks of each. In general, increasing the number of tiers also raises the production intensity by increasing HB density (number of HBs per square meter) and percent area coverage [square meters of HBs O square meters of floor area (expressed as a percentage)]. What is not known is how HB production intensity affects the production of the lower level crops. Some Ontario floriculture growers have noted slower growth rates and decreases in crop quality (e.g., stretched internodes) when their main crop is produced under HBs, but the specific causes and the magnitudes of their effects are unknown. It is common for plants grown below another plant canopy to have slower growth, longer times to maturity, stretched internodes, thin stems, reduced branching, and fewer flowers (Faust et al., 2005; Lopez and Runkle, 2008; Thomas, 2006) . These effects are due, in part, to a reduction in the ratio of red to far red light caused by preferential absorption of red light by the upper plant canopy.
It has been postulated, by various growers, that reductions in plant quality when grown below HB crops are due to a combination of insufficient PAR and reductions in the R:FR at the lower crop level. However, there are limited data available in peerreviewed literature, with none specific to Ontario, related to the shading effects caused by HBs in commercial greenhouses.
Photosynthetically active radiation is a quantification of photons within the photosynthetically active spectrum (i.e., 400 to 700 nm) that are incident on a defined surface in a given period, usually measured in One of the ways that plants evaluate their light environment is by sensing the R:FR, where the wavelengths are absorbed by the pigment phytochrome. Since plants readily absorb red light (used in photosynthesis) but transmit or reflect far red light, the R:FR decreases within dense canopies or below an upper layer of foliage (e.g., a forest understory). The R:FR of ambient sunlight is generally between 1.0 and 1.2, although this varies considerably in the literature depending on location and how the ratio is calculated (Blom and Kerec, 2003; Clifford et al., 2004; Erwin et al., 2006; Feldhake and Glenn, 1997; Mata and Botto, 2009; Smith, 1982; Turnbull and Yates, 1993; Yamada et al., 2009; Yang et al., 2012) . When exposed to subambient R:FR, many common floriculture plants will shift their morphological development toward growing taller in an effort to access direct light. This is the so-called shade avoidance response and, in floriculture production, results in lower quality plants characterized by thinner stems, longer internodes, less branching, and fewer flowers (Blom et al., 1995; Fletcher et al., 2005; Runkle and Heins, 2001 ). It is not clear from the literature the magnitude of the decrease in R:FR needed to induce shade avoidance. This is likely due to the interaction of many varying factors including different species and cultivars, environmental parameters during production, specific lighting environments (e.g., natural vs. supplemental), and how various light characteristics are measured and reported.
A lighting survey was undertaken, during the Spring 2012 production season, to help characterize the influence of HBs on the light environment at the lower crop level in Ontario greenhouses. This survey comprised an extensive sampling regimen deployed in several production greenhouses representing the range of HB architectures typically used in this province.
Materials and methods
Three commercial greenhouse facilities in southern Ontario were selected, with the main differentiation being the number of tiers of HBs (one, two, and three) forming the overhead canopy. Ancillary differences (Table 1) between locations include the distance between the HBs and the lower crops (influenced by number of tiers, gutter heights, and bench vs. ground cultivation), the HB density (i.e., number of HB per square meter, influenced largely by grower preference and structural load-bearing considerations), and area coverage (i.e., the product of basket density and size of pots). The three-tiered greenhouse was oriented east-west. The one-and twotiered greenhouses were both oriented north-south.
Quantum sensors (SQ-110; Apogee Instruments, Logan, UT) were affixed to leveling plates and connected to data loggers (HOBO U-12; Onset Computer Corp., Bourne, MA). PAR data were collected continually (120-s intervals) at each facility from three specific locations: outside, above the HB canopy, and at lower crop level. Outdoor PAR sensors were mounted 0.7 m aboveground level and 5 m away from structures. Because the one-and two-tiered greenhouses were less than 0.9 km apart, the same outdoor PAR sensor (located at the onetiered greenhouse facility) was used for both locations. Inside sensors were mounted on 0.5-m horizontal bars (providing adjustability in lateral positioning), which were subsequently affixed to gutter support posts just above the tops of HBs and lower crops, and which were angled at 45°away from gutters, to reduce shading from adjacent structural components (i.e., gutters and collar ties). Two additional pairs of PAR sensors were moved among the three greenhouse facilities, about every 5 to 7 d, to verify the proper functionality and the data generated by the fixed sensors. PAR sampling began on 10 Mar., 28 Mar., and 5 Apr. 2012 in the one-, three-, and two-tiered greenhouses, respectively. PAR sampling ended on 16 May 2012 at the one-tiered greenhouse and 22 May 2012 at the two-and threetiered greenhouses. In total, 480,000 PAR samples were taken from 21 locations (9 fixed and 12 roving) over Combined surface area of every HB pot located over a given floor area.
62 d. These data were used to calculate 680 DLIs. Weekly light quality assessments were made at each PAR sensor location using a spectrometer (USB2000+; Ocean Optics, Dunedin, FL) with a 1.5-m, 3900-mm-diameter ultravioletvisible optical fiber (300 to 800 nm) tethered to a laptop running a SpectraSuite software package (Ocean Optics). All spectral scans occurred between 1100 and 1500 HR, with less than 1 h separating the scans of each site within a given greenhouse facility. Spectral assessments were made six times at the two-tiered and five times each at the one-and three-tiered greenhouses between 4 Apr. and 24 May 2012.
Results and discussion
LIGHT QUANTITY. Figure 1 shows typical daily ambient outdoor PAR measurements for clear (i.e., sunny), overcast (i.e., cloudy), and mixed (i.e., variable cloudiness) days. This graph shows the variability in instantaneous PAR both throughout the normal course of a day and influence of varying weather. During the Spring 2012 season, the outdoor DLI varied between 5 and 50 molÁm -2
Ád
-1 (Fig. 2) . Weather was the primary influence over this variability, especially through April. DLI increased linearly with time throughout the season. DLI roughly doubled from mid-March to mid-May, as the weather became increasingly sunny and the natural photoperiod increased.
There were too many confounding factors (e.g., greenhouse orientation, distance between HBs and lower crops, size and density of HB pots, and type of crop growing in HBs) to delineate a concrete relationship between the number of tiers of HBs and shading (Fig. 3) . The two-tiered architecture provided consistently less shading over the lower crop than the one-and three-tiered systems. It is interesting to note that although the absolute amount of shading caused by HBs differed among the locations, shading at each location increased in a linear fashion throughout the season as the canopy of the HB crops increased in density (Fig. 3) . The shading at the end of the HB season more than doubled for the two-and three-tiered locations from the beginning to the end of the sampling period, indicating that the foliage accounted for more than half of the total shading near the end of the season.
The DLI at HB level at the onetiered location was substantially higher than the other two greenhouse facilities over the season (Table 2) . This was due, in part, to the age of the doublepolyethylene greenhouse covering, which was new at the one-tiered location and at least 3 years old at the other locations. Since transmissivity of polyethylene films reduces over time, primarily due to the photodegradation caused by ultraviolet light (Al Ani and Anabtawi, 2012), growers are encouraged to follow the directions of the manufacturer with respect to frequency of replacement of their greenhouse coverings. Although there was considerable variability in light reductions at each location due to differences in transmissivity of glazing and shading from the HBs, the interaction between these two factors resulted in highly comparable mean lower crop level DLIs for the three locations, ranging between 9.4 and 9.9 molÁm -2 Ád -1 . Moreover, there was an antagonistic relationship between the temporal increases in daily outdoor light intensity and the shading caused by the HB crop, which caused the DLI at lower crop level to remain fairly constant throughout the season (Fig. 4) . The pattern was similar for all three locations.
Different species have different DLI requirements. The DLI recommendations for the main floriculture crops in North America are summarized in the Ball Redbook (Faust, 2001) . Although the table in the Ball Redbook does not reference any specific literature, there is a large body of more recent studies investigating the DLI requirements of many floriculture crops including ageratum (Ageratum sp.), begonia (Begonia sp.), impatiens (Impatiens sp.), marigold (Tagetes sp.), petunia (Petunia sp.), sage (Salvia sp.), periwinkle (Vinca sp.), and zinnia (Zinnia sp.) (Faust et al., 2005) ; yarrow (Achillea sp.), guara (Guara sp.), and lavender (Lavandula sp.) (Fausey et al., 2005) ; gentian (Eustoma sp.) (Islam et al., 2005) ; geranium (Pelargonium sp.) (Loehrlein and Craig, 2004) ; and 41 herbaceous ornamental species (Mattson and Erwin, 2005) . In general, DLI of at least 10 molÁm -2 Ád -1 is required to produce high-quality crops. The average DLI for each greenhouse in this study was slightly under that threshold, with at least 10 d below 5 molÁm -2 Ád -1 and only a few days during the whole season above 15 molÁm -2 Ád -1 . There are no specific recommendations available for HB density in Ontario. Faust (2004) , in his research highlight, suggests that 1.5 HB/m 2 is a relatively high density; however, this value may not be commercially relevant in Ontario considering that the growers in the current study used HB densities ranging from 1.8 to 3.0 HB/m 2 . This study has shown that high-intensity HB production may reduce lower crop level PAR below the thresholds needed to produce high-quality floriculture crops in Ontario. Accordingly, growers should consider the DLI requirements for different lower level crops when selecting an HB system (i.e., HB density and number of tiers).
LIGHT QUALITY. There is no agreed-upon convention in the scientific community for measuring and reporting R:FR. In particular, there are wide variations in specific wave bands and the units of measure used to calculate the ratio (Blom and Kerec, 2003; Capers and Chazdon, 2004; Clifford et al., 2004; Erwin et al., 2006; Feldhake and Glenn, 1997; Mata and Botto, 2009; Pecot et al., 2005; Turnbull and Yates, 1993; Yamada et al., 2009; Yang et al., 2012) . When discussing this issue with various delegates at the 2012 International Symposium on Horticultural Lighting, it became clear that there is a need for consensus among researchers in order for direct comparisons to be made in the literature. In the interim, it was advised that ratios of R:FR light be reported in both broad and narrow wave band formats, namely 600-700:700-800 and 655-665:725-735 nm (E.S. Runkle, personal communication) . It is also important to distinguish the units of measure since an intensity-based ratio will be biased toward a larger number than a photon-based ratio taken from the same light source. According to Smith (1982) , intensity-based measurements can skew the R:FR by more than 10% of its value. Photon flux seems to be the more appropriate metric for generating R:FR since phytochrome conversion is related to the absorbance of discreet quantities of light, independent of the relative energies of the different wavelengths. Moreover, in some circumstances when reviewing the literature, it may be more appropriate to consider the relative changes in R:FR when comparing treatments. For this work, R:FR has been calculated using photon flux and has been reported for both the broad and narrow wave bands described earlier.
There were considerable differences in the spectral quality between HB level, lower crop level, and outside. Figure 5 shows typical light spectra taken from outside, HB level, and lower crop level. These scans were taken at the two-tiered greenhouse on 11 May 2012. Note the reductions in the blue and red wavelengths (400 to 500 nm and 600 to 700 nm, respectively) between outside and inside the greenhouse structure. It would appear that the film covering this greenhouse modified the incoming light considerably, although the grower was unaware of using spectral-altering films. Also note that, when comparing HB and lower crop levels, the reduction in light from 600 to 700 nm is somewhat greater than the reduction in light from 700 to 800 nm, resembling the predicted reduction in R:FR typically observed below a plant canopy. Although every effort was made to have consistent lighting conditions between the different sampling locations within each facility on a given day, it should be stressed that the spectral scans were spot measurements and thus influenced by numerous, undefined confounding factors including time of day, fluctuations in outdoor weather, and differences in sensor positioning between sampling locations. Generally, the narrow band metric resulted in about 10% higher reductions in R:FR than the wide band metric in this study (Table 3) . However, both metrics show similar relationships between the sampling locations at each greenhouse. In general, there was an inverse relationship between the number of tiers of HBs and the reduction in the R:FR between HBs at lower crop levels. The reason for this result is not readily apparent, although it is possible that the smaller distance between adjacent rows of HBs in the one-tiered facility (Table 1) resulted in a greater level of canopy closure. Since red light is preferentially absorbed by foliage vs. other wavelengths in the PAR spectrum, a more uniform layer of foliage might have a larger relative reduction in R:FR than the consequential reduction in PAR. In other words, even though the HB density is higher in the multitiered configurations, the lower tiers would be exposed to light that already had a relative reduction in the red wavelengths and thus would have a lesser impact over the absolute amount of red light reaching the lower crop levels.
The rate of reduction in the lower crop level R:FR (i.e., R:FR at lower crop level O R:FR at HB level), at each facility, rose in a linear fashion throughout the sampling period (Fig. 6) . As the plants in the HBs increased in size, the upper foliage intercepted increasing amounts of red light. It was also observed, by varying the vertical positioning of the sensor head below the HB canopy, that R:FR reduced rapidly with increasing proximity to the bottom of the HB crops (Fig. 7) . There is most likely a relatively greater proportion of diffuse light (i.e., not filtered by foliage) reaching the sensor head with increasing distance below the HB canopy. This is due to the relatively low density of HB canopies [i.e., low leaf area index (LAI)] that are kept intentionally low to provide sufficient PAR to the lower crops. This trend is in contrast to the observations of De Castro (2000) in a tropical rainforest (LAI about 7), where R:FR increased with height from the forest floor. For greenhouse HB production, it is recommended that every reasonable effort be made to maximize the distance between layers (e.g., switching from bench to floor culture) to minimize the potential far red shift at lower crop level.
It is unknown if the observed reductions in R:FR at lower crop level would be sufficient to induce shade avoidance responses to the common floriculture commodities that are typically grown under HB crops in Ontario. Because of the inconsistencies in the literature with respect to lighting conditions (i.e., natural vs. artificial) and how light quality is measured, it is impossible to draw any specific conclusions from this investigation. It is clear, however, that HB canopies in Ontario greenhouses have a substantial impact on the light quality reaching the lower crop level and this impact is magnified as the season progresses. Growers who have experienced shade avoidance responses in their lower crops are encouraged to reduce their HB densities or adjust the HB architecture toward multiple tiers, if space and infrastructure permits. Alternatively, supplementing the lower crop with red light during daylight periods when the R:FR is naturally low (i.e., during twilight hours at sunrise and sunset) (Smith 1982 ) is a promising application of newer light-emitting diode technologies, which may merit further investigation.
Conclusion
This study was undertaken to investigate the influences that HB production has on the lighting environment in Ontario greenhouses. The case studies described herein represent the range of HB production systems (i.e., gutter heights, number of tiers of HBs, HB density, and HB area coverage) commonly found in Ontario's diverse floriculture industry. Although there was considerable variability in light alterations (i.e., quantity and quality) attributable to the various HB canopy architectures, all cases showed significant reductions in PAR reaching lower crop levels. As outdoor DLI increased during the season (because of higher solar angles and longer photoperiods) so did the size of the plants in the HB canopy, resulting in relatively stable lower crop DLIs throughout the season. The R:FR at lower crop levels also generally reduced as the season progressed. These data serve as a benchmark for Ontario's floriculture industry and will serve to help growers and industry support representatives make informed decisions about multilayer production systems.
